In this paper, an efficient method to reduce computational complexity for pedestrian detection is presented. Since trilinear interpolation is not used, the amount of required operations for histogram of oriented gradient (HOG) feature calculation is significantly reduced. By calculating multi-scale HOG features with integral HOG in a two-stage approach, both high detection rate and speed are achieved in the proposed method.
Introduction
The most critical factors for pedestrian detection in many applications are high detection rate and real-time processing [1] - [3] . Such applications include intelligent vehicle, surveillance, and robotics. Histogram of oriented gradient (HOG) [4] is considered to be the most discriminative feature for pedestrian detection, and trilinear interpolation is one of the most effective techniques for using the HOG feature to improve detection rate. Trilinear interpolation is, however, a major bottleneck of detection speed due to its high computational complexity. Therefore, we present a new method for pedestrian detection without using trilinear interpolation to achieve good results in terms of both detection rate and speed. By calculating multi-scale cells and blocks of HOG feature with integral HOG and applying them in a two-stage manner, both detection rate and speed are improved in our method. The number of stages in the pedestrian detection system is determined by considering detection accuracy and speed. The computational complexity increases sharply as the number of stages increases. In our experiment, a two-stage detection system is considered because good detection accuracy can be achieved with manageable compuational complexity. Note that the proposed method can be extended to the pedestrian detection system with any number of stages.
HOG Feature Calculaion
HOG feature is presented in [4] for pedestrian detection, and Figure 1 shows the process of HOG feature calculation. HOG feature calculation, is to interpolate weighted votes for gradient magnitude bilinearly between the neighboring bins in both orientation and position. Figure 2 shows an example of trilinear interpolation when a block consists of 2x2 cells and orientation bins are evenly spaced over 0
• ∼180 • (9 bins). When a gradient orientation for a pixel in Cell 0 is 17
• , the two nearest neighboring bins are determined as 0 and 1. In trilinear interpolation, therefore, weighted votes for gradient magnitude are distributed into eight surrounding bins (bin 0 and 1 for Cell 0 ∼Cell 3 ) as shown in the figure, whereas the weighted votes are distributed into only two neighboring bins (bin 0 and 1 for Cell 0 only) in linear interpolation. Since only orientation is multiplied by the weight in linear interpolation, a total of two multiplications (one multiplication for each of the two neighboring bins) is required for each pixel. In trilinear interpolation, on the other hand, orientation and both x and y positions of a cell are all multiplied by the weight. Therefore, a total of 24 multiplications (three multiplications for each of the eight surrounding bins) is required for each pixel in trilinear interpolation.
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We define several parameters of HOG feature as shown in Fig. 3 , and the number of required multiplications for interpolation and L2-Hys normalization [4] in HOG feature calculation is presented in Table 1 (Gaussian function is assumed to be pre-calculated). Although trilinear interpolation is used to avoid aliasing for high detection rate, it degrades detection speed siginificantly since a large amount of operations is required as shown in Table 1 . Since it is important to achieve both high detection rate and real-time processing in many applications, we propose a new method to accelerate pedestrian detection without notable loss of detection rate. Instead of using trilinear interpolation in HOG feature calculation, we use linear interpolation and utilize multi-scale cells and blocks of HOG feature in order to compensate for the loss of detection rate. By applying two-stage approach to speed up multi-scale HOG feature calculation and adopting integral HOG to avoid redundant computations, we achieved good results in terms of both detection rate and speed. In the conventional methods, the operations of linear or trilinear interpolation and normalization are required for every overlapping block. Therefore, the number of required multiplications per detection window is directly proportional to the number of overlapping blocks in the detection window (B x ×B y ) as shown in Table 1 . In the proposed method, on the other hand, the number of required multiplications in linear interpolation (2×S x ×S y ) is not af- Table 1 The number of required multiplications per detection window.
InterGaussian # of multiplications polation weighting
fected by the number of overlapping blocks. The operation of linear interpolation is required only once at the first stage, and the results of linear interpolation are used to construct integral HOG. Then, the operation of normalization is required for the overlapping blocks. Note that the integral HOG constructed at the first stage is shared in the second stage. Therefore, the required operation for the second stage is a block normalization only since the sizes of cell and block of HOG feature for the second stage are different from those of the first stage. If higher detection accuracy is required, more stages can be added into the detection system with the expense of increased computational efforts. As mentioned in [4] , detection rate is improved when multiple blocks with different scale cells and blocks of HOG feature are used together. However, the computational cost is greatly increased as the number of types of HOG feature is increased. Therefore, we use two different scales of cells and blocks of HOG feature in order to improve detection rate, and utilized them in two-stage manner in order to reduce computational cost. In our method, HOG feature calculated with p=8 and c=2 (L=8) is used in the first stage and the feature calculated with p=6 and c=3 (L=6) is used in the second stage as shown in Fig. 4 . Two-stage approach has been used to speed up pedestrian detection, in which different types of feature are used for each stage. In this case, however, the amount of operations and computational complexity are significantly increased since the operations for calculating two different features are required. In the proposed method, therefore, we use a single type of feature, i.e., HOG feature only, for both stages. HOG feature with p=8 and c=2, default detector in [4] , is used in the first stage in order to discard negative input quickly since the feature has relatively low computational cost. In the second stage to verify the pedestrian candidate precisely, we use HOG feature with p=6 and c=3 since it performs best [4] . Since negative input can be discarded quickly and positive input can be verified twice as shown in Fig. 4 , both high detection rate and speed can be achieved in the proposed method. Note that the additional operation for calculating different type of feature is not required in our method since the same type of feature is used in both stages.
In order to further accelerate pedestrian detection by avoiding redundant computations for multi-scale HOG feature calculation, we adopted integral image technique [5] to our method as shown in Fig. 5 . Since integral HOG is constructed by pre-accumulating weighted votes for each orientation bin, multi-scale cells and blocks of HOG feature are computed quickly from integral HOG. By using integral HOG to compute multi-scale HOG features, we reduced the amount of required operations significantly since the operations for calculating gradient magnitudes and orientations, interpolating weighted votes for gradient magnitude, and accumulating the interpolated votes into the orientation bins are all shared in both stages. The additional operation for the second stage is a block normalization only.
Experimental Results
We have conducted several experiments in order to demonstrate that our method is efficient in terms of both detection accuracy and speed. In order to evaluate detection quality, we tested our detector on Daimler Pedestrian dataset [6] using linear support vector machine (SVM) [7] . 5,000 positive and 5,000 negative samples are used to train the detectors and 10,000 positive and 12,870 negative samples are randomly selected to test them. As shown in Fig. 6 and Table 2 , the detection rate of the proposed detector is about 4% lower than the detector (p=6 and c=3 with Gaussian weighting and trilinear interpolation) at 10 −4 false positive per window (FPPW). However, our detector achieves the best performance at 10 −3 FPPW and 3∼16% higher detection rate than others at 10 −4 FPPW. By utilizing multi-scale cells and blocks of HOG feature and applying them in a two-stage manner, detection rate is kept even though trilinear interpolation is discarded in the proposed method. Since our detector is based on two-stage approach, the number of required multiplications depends on what kind of object is contained in detection window. If the current detection window contains a pedestrian, the first-stage detector determines it as a positive candidate and the detection proceeds to the second stage in order to verify the candidate once more. Otherwise, the detection process is finished right after the first stage. Note that most of detection windows contain backgrounds rather than pedestrians. Therefore, in most cases only 13,231 multiplications are required for our detector. Although detection accuracy of the detector (p=6 and c=3 with Gaussian weighting and trilinear interpolation) is a little higher than ours at 10 −4 FPPW, the number of required multiplications for interpolation and block normalization is 47 times larger when detection window contains a background and 23 times larger when detection window contains a pedestrian.
By using variable-size blocks with integral HOG and applying them in a cascade-of-rejectors approach, [8] also achieves fast detection time and accuracy comparable to [4] .
The cascade in [8] consists of a total of 30 levels and several HOG blocks with variable sizes are used in each level. More than 770 variable-size blocks are used in 30 levels, and four blocks are used in the first level. Therefore, only four blocks are used in the best case when the current detection window contains a background and the first-level detector determines it as a negative candidate (true negative). In the worst case when the detection window contains a background but the detector determines it as a positive candidate (false positive) or when the detector recognizes a pedestrian correctly (true positive), more than 770 HOG blocks are required in [8] while 257 blocks are required in our method. Therefore, the worst-case performance of our method is much better than that of [8] . Note that the worst-case performance is more important than the best-case performance in many cases. For example, when the pedestrian detection system is implemented in hardware, many design decisions are made on the base of the worst-case performance. It is hard to compare the average performance distinctly since detection rate depends on what kind of input image is used in the evaluation of detection rate. Therefore, we considered both the best-case and worst-case performances. We found that our method is faster than [8] when more than 16.6% detection windows in each image are determined as positive candidates (false positive and true positive).
Conclusion
We considered multi-scale cells and blocks of HOG feature for pedestrian detection in order to improve detection rate. As a result, we could achieve a high detection rate even though Gaussian weighting and trilinear interpolation are not used in the proposed method. Furthermore, by calculating mutli-scale HOG features with integral HOG and applying them to a two-stage approach, detection speed is also improved since the amount of required operations for HOG feature calculation is significantly reduced. Therefore, the proposed method can be utilized in many applications such as intelligent vehicle, surveillance, and robotics in which both high detection accuracy and fast detection speed are strongly required.
